Impact of drops on the surface of an immiscible liquid is studied. We show that in addition to the commonlyobserved lens structure at the air-liquid interface, drops released from critical heights above the target liquid can sustain the impact and at the end maintain a spherical ball-shape configuration above the surface despite undergoing large deformation. The existence of this metastable state of the drop above the free surface and its transition into the more stable submerged lens configuration at the air-liquid interface is investigated. The initial impact which induces the degree of submergence is critically related to the two distinct life paths of drops impinging upon a liquid surface.
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Impingement of drops on solid and liquid surfaces has been studied extensively. Such studies were motivated by applied purposes such as spray cooling [1, 2] , inkjet printing [3] , soil erosion due to rain [4] and understanding and quantifying rainfall [5] or for fundamental understanding of the underlying physics, which often leads to complex mathematical description of the phenomenon [6] [7] [8] [9] [10] . A thorough review on the topic has been carried out by Rein [11] and Yarin [12] .
Drops impinging on the surface of a liquid can splash [7, 13] , coalesce with or bounce off the surface [11] depending on various factors including impact velocity of the drop, the depth of the target liquid and the physical properties of the fluids. Typically, when a drop collides with the liquid surface at a relatively high speed, a crater is formed. Due to instability of the rising liquid sheet on the rim, smaller jets are ejected and the resulting structure resembles a crown; these jets further breakup into spray droplets. As the walls of the crater rim subside, the receding flow towards the center shoots up in form of a column of fluid which also breaks up and secondary drops are ejected in the vertical direction [6, 8, 12] . In addition to impact velocity, experimental results show the dependency of splash, deposition and crown formation of impinging drops on liquid films on fluid viscosity and film thickness [14, 15] . It has been found that in the limit of extremely thin target films, the critical splashing following impact of drops is insensitive to the film thickness for given underlying solid surfaces [16] .
Generally, drops impinging on the surface of self-similar liquids eventually coalesce with the target pool, or form a lens-shaped structure on the free surface of immiscible liquids. However, spherical ball-shaped drops have also been observed that exist at the air-liquid interface. Such isolated drops on the surface of similar liquids have been attributed mainly to the existence of a cushion of trapped air which serves as a lubricating film, preventing it from coalescing with the bulk liquid [17, 18] . This effect is better seen when the target liquid pool is set to vibrate in the normal direction [19, 20] . A similar bouncing/anti wetting effect is observed for drops impinging upon super-hydrophobic solid substrates [21] .
In this report, we show that drops impinging upon the surface of an immiscible liquid can retain a metastable spherical configuration above the surface following the impact without collapsing into the target liquid in form of a partially-submerged lens-shape. This configuration is commonly-observed for drops resting at the interface of other immiscible liquids. We show that such spherical drops can retain their shape unless the system is disturbed which causes them to break down into partially-submerged lens structures. Precision dispensing needles were used to release drops of deionized water onto the surface of fluorocarbon liquid (FC-43, 3 M). Drop impact was recorded by a high speed camera at a rate of 2000 frames per second. Fig. 1 shows the time progression of the impact and one cycle of drop oscillation on the surface. It is seen that both the target liquid and the drop undergo large deformations during the impact; however, the drop is able to maintain its spheroid structural integrity after the impact. The deformations are similar to the morphologies reported for drops impacting upon soft solids [22] but they are not large enough to result in the splitting of the original drop. The amplitude of deformation dies out quickly within the first few oscillation cycles (Video 1 in supporting information). spherical structure above the interface. Similar spherical drops on liquid surfaces have been shown by isolating the two fluids for example by coating the exterior of the drops by super-hydrophobic powders [23] . The critical release-height for drops released from a 27G needle ranges from about 1.5-3 times the drop diameter and gets narrower for smaller gauged needles (larger drops). A cubic relationship was found between the diameter of the needle tip and the pendant drops that were released due to their own weight.
Weber number (We = qU 
The Ohnesorge number relates the viscous forces to inertial and surface tension forces, Weber number is used for evaluating the relative importance of inertia and surface tension and the Bond number compares the gravitational force to surface tension effects. Using the physical properties of water and fluorocarbon FC-43, the conditions of the experiment are characterized by Oh % 0.02, We % 20 (Bo % 10) for t Ã % 4. It is seen that as the drops get larger, the critical height range for successful rebound becomes more limited. Critical parameters for which, free falling drops are able to sustain the impact and retain a spherical ball-shape at the interface range over the gray region (area II) shown in Fig. 2 . Larger drops and those released from higher than critical heights were found to collapse immediately into a lens-shaped structure in the process of impact as commonly-observed (area I). The lower bound of release-heights in experiments resulted from the minimum distance between the needle tip and the interface such that pendant drops could be formed; for shorter distances drops formed a bridge between the tip and the target liquid and did not get released into a free fall (area III).
The spherical drops can remain intact on the surface; however, they are unstable and have a tendency to collapse into the submerged configuration if there are any perturbations or vibrations. Fig. 3 shows the breakup and transformation of a spherical drop into a lens structure at the air-liquid interface (Video 2 in supporting information); a process which completes in less than a tenth of a second. It is seen that the drop undergoes rapid and asymmetric deformations from the bottom and the sides until it eventually settles into a symmetric shape partially-submerged in the target liquid. Static conditions for the drop can be determined by carrying out a force analysis or by evaluating the total energy of the system.
A balance of forces in the vertical direction can be used to find the equilibrium static state. Similarly, extrema of the system's energy (surface energy and work of the external forces acting on the system) can also provide equilibrium states (drop configuration at the interface) that determine the stability of a given static configuration [24] . Considering Fig. 4 , there are three forces that act on the drop in the vertical direction [25] The angle u represents the extent of submergence of the drop in the target liquid; by varying u from 0 (above the surface an touching) to 180°(fully submerged), the net force (normalized by rr f ) acting on the drop can be plotted as a function of u. The angle, u s , corresponding to the zero-sum of forces shows the equilibrium static condition. It is noted that in order to evaluate the buoyancy force, the capillary rise (fall) of the target liquid on the drop, h 0 , is needed (h 0 , is measured from the free surface to three phase contact line). For the case of spherical drops, h 0 is not readily available [26] and should be found by numerically solving the Young-Laplace equation that gives the free surface profile in the vicinity of the contact line:
The governing equation for the capillary profile was numerically solved with the boundary conditions: dz/dx = tan(a) at x = r c (r c contact line radius) and dz/dx = 0 as x ? 1 (we found 1 to be around three times the drop diameter by extending the solution for larger x). a = h + u À p, and h is the equilibrium contact angle and is measured counterclock wise from r fw to rf. In current experiments the equilibrium contact angle was found to be h e = 15°± 3°(error is due to the misalignment of the imaging camera with the horizontal line).
As seen in Fig. 5 , the net vertical force becomes zero at u % 144°w hich denotes the partially-submerged configuration as the static equilibrium condition. This angle is in good agreement with the observed extent of immersion of the drop in the lens configuration from imaging, u s = 140° (Fig. 6b) .
It is noted that the force analysis is performed by approximating the drop to a spherical volume. The exact shape of a drop residing at the interface of two fluids has been described in detail [27] as the drop breaks down and submerges in the base liquid.
While we observe two distinct static configurations for the drops at the interface, only the lens configuration is predicted by the force balance model (RF plotted against u has a single zero, Fig. 5 ). The net force (sinking) has a negative slope when passing the equilibrium, which physically translates to the following: the sinking force would decrease (changes signs and becomes upward) if the drop were to be further immersed in the base liquid and since it would not accelerate against the direction of gravity, the drop would eventually rest at this state. The force balance provides only the equilibrium static states because the thermodynamic equilibrium contact angle h e is used; in addition it is assumed that the Young Laplace equation is satisfied at the drop-liquid interface profile. Static conditions other than the equilibrium, for example the spherical configuration observed here, are known as mechanically enforced stationary states [24, 28] that are achieved with the aid of some external agents present in the system that compensate for the non-zero net equilibrium forces. The spherical drop in our case is predicted not to be at static equilibrium due to the equilibrium force imbalance; however it does exist in a static state in our experiments. Existence of a fine interfacial air film has been confirmed for non-coalescent drops impinging on the surface of selfsimilar liquid films [17, 18] . Though this could not be confirmed, it is likely that an extremely thin cushion of air balances the net vertical force and allows the existence of the isolated spherical drop on the free surface in current experiments. The thickness of such an air film is estimated to be larger than the Van der Waals attraction ($10 nm).
In summary, we studied the impact of a drop onto the surface of an immiscible liquid and demonstrated the possibility of creating isolated spherical drops above a liquid interface without external stimuli such as induced vibration on the surface [21] or hydrophobic coatings [23] or temperature difference between drop and target liquid [29] . Released from a controlled height and depending on their size, liquid drops colliding on the surface of immiscible liquids can sustain the impact and maintain their spherical integrity over the air-liquid interface. The target liquid deforms similar to an elastic membrane and causes the drop to rebound and oscillate on the surface. The impact and the oscillation process are completed in less than 70 ms due to relatively large viscous damping. Spherical drops collapse and transform into the more stable and commonlyobserved partially-submerged lens-shaped configuration if any perturbations exist. The equilibrium force balance predicts only the lens-shape as the stable configuration and the extent of submergence found is in good agreement with our observations from imaging. Liquid drops resting on the free surfaces of inert liquid platforms exhibit interesting features and show promise for various applications such as material transport vehicles for lab on chips [30] .
